In 1979 Brunner and Ernst (1) compared the sensitivity [i.e., signal-to-noise ratio (SNR) per unit imaging time] of two-dimensional (2D) and 3D imaging sequences. In a 2D sequence, each radiofrequency (RF) pulse excites a narrow slice, whereas in a 3D sequence, each RF pulse excites the entire imaging volume and encoding (e.g., phase encoding) is used to discriminate spatially. It was shown that greater sensitivity will be achieved with 3D sequences since each acquisition represents an average of the entire sampled volume. Brunner and Ernst (1) noted that it should be possible to multiplex the acquisition of different slices and that this would increase the relative sensitivity of 2D sequences. However, the paper was written before the development of multislice imaging (2) demonstrated the feasibility of multiplexing, and the consequences were not considered in detail.
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Until recently, however, the use of 3D acquisitions was unusual due to the long imaging times required. The development of fast gradient-echo imaging sequences such as fast low-angle shot (FLASH) (3) has allowed clinically practical implementations of 3D sequences (4) . Furthermore, encoding techniques used in echoplanar imaging (EPI) (5), RARE (6) , and GRASE (7) may also be exploited to reduce acquisition times in 3D imaging (8, 9) .
The relative sensitivity of multiplexed, multislice 2D and simultaneous 3D sequences is thus of considerable interest: it appears to be generally held that 3D sequences offer sizable sensitivity advantages. In this paper we consider the relative sensitivities of multislice 2D and 3D sequences. We present a model suggesting that the sensitivities are highly similar in a large number of practical situations. The model's predictions are confirmed by phantom and animal experiments.
THEORY
In the following we will compare 2D and 3D sequences in which all parameters other than those specifically identified are identical. We will use the following, simplified expression to describe the sensitivity, , of an imaging sequence:
where S is the signal per unit voxel volume of tissue, N AV is the effective number of averages, including phase-encoding steps, and T IM is the total imaging time. For a gradientecho sequence with flip angle ␣ the signal is given by the familiar expression (10):
where k is a constant incorporating system gain, spin density, and T 2 effects, T R is the repetition time, and T 1 is the longitudinal relaxation time. Eq. [2] is valid provided transverse magnetization is irreversibly dephased before each RF pulse. In practice, this seems to be a reasonable assumption provided some sort of spoiling is employed (11, 12) . When Eq. [2] is valid the largest signal is obtained with ␣ equal to the Ernst angle (10):
Substituting Eq. [3] into Eq. [2] gives the maximum signal:
We are now able to compare the efficiencies of 2D and 3D T 1 -and T 2 -weighted sequences.
T 2 -Weighted Sequences
In T 2 -weighted sequences T R : T 1 and the Ernst angle Ϸ 90Њ. Thus Eq. [2] reduces to S Ϸ k. This result also describes spin echo signal intensity provided T R : T E and RARE sequences provided T R is much greater than the echo time of the final echo. If N S slices are encoded, the 3D sequence will give N S averages but also takes N S times as long. The sensitivity of 2D and 3D sequences will thus be equal if T R is the same. With simple gradient-and spin-echo sequences, 2D and 3D T R s are equal. With 2D EPI or RARE sequences, however, the data acquisition time following each 90Њ excitation can be long. With a large number of slices the minimum possible T R may then be greater than the value that would otherwise have been chosen. The sensitivity of the 2D sequence relative to the 3D sequence is then given by the ratio of their T R s: 
With short T A s and few slices, N S T A / T 1 9 1, and these two equations can be simplified using a Taylor expansion:
This result shows that, at short T R s, the reduced saturation of the 2D sequence exactly compensates for the averaging advantage of the 3D sequence.
T A Differences
We assumed in the above paragraphs that the acquisition time, T A , is identical for 2D and 3D sequences. This is not always true. In both selective excitation and phase encoding, high spatial resolution is achieved by using large area gradient pulses. In a 3D sequence the slice-select gradient area can be quite small since a thick slab is excited. The narrower slices are then defined with a large area phaseencoding pulse. This pulse can, however, be applied simultaneously with the read dephase gradient and the other phase-encoding gradient. For isotropic resolution all these pulses will have the same area. Consequently, the large area 3D phase-encoding pulse will not substantially increase T A . In a 2D sequence, however, the narrow slice is defined directly with a large area slice-select gradient. This gradient is applied before the others and will therefore increase T A relative to a 3D sequence. The slice thickness, ⌬s, obtained with selective excitation is ⌬s ϭ ⌬f ␥G SS [9] where ⌬f, is the RF pulse bandwidth, ␥ is the gyromagnetic ratio, and G SS is the strength of the slice-select gradient. With simple, truncated sinc profile RF pulses it is usual to include at least the first pair of side lobes to give a reasonable slice profile. The bandwidth of a such a pulse with length T SS is then ϳ4/T SS and
At first sight it might appear that the area of the 3D slice select pulse should be N S times less than that of the 2D pulse since the excited slab is that much thicker. However, in practice, it is necessary to use a relatively long, low bandwidth pulse with 3D sequences to define a slice with narrow edges. Nonetheless, selective excitation of narrow slices could add several milliseconds to T A in 2D sequences and could therefore have a significant impact on imaging time in very fast gradient-echo sequences.
MATERIALS AND METHODS
Values for 2D and 3D sensitivity (Eq. [5] ) were calculated and plotted as a function of the dimensionless parameter N S T A / T 1 (i.e., the 2D T R expressed relative to T 1 ). Sensitivities were compared in phantoms imaged with 2D and 3D gradient-echo sequences on a 7 T 20 cm bore imager (Surrey Medical Imaging Systems, Guildford, Surrey, UK). The parameters of the 2D sequence were as follows: T R 320 msec; slice thickness 1 mm; and N S 16. The parameters of the 3D sequence were as follows, T R 20 msec; slab thickness 16 mm; and 16 phase-encoding steps in the slab-select direction. Other parameters were identical for both sequences: matrix 128 ϫ 128; T E 7 msec; field of view (FOV) 25 ϫ 25 mm; signal bandwidth 50 kHz; two averages; imaging time 82 sec. The flip angle for each sequence was adjusted empirically to give the highest signal. The flip angle for the 3D sequence was adjusted without the slice-select gradient so as to minimize the influence of slice edges and maximize SNR in the central slice. On the other hand, the flip angle for the 2D sequence was adjusted with slice selection so that the signal is averaged over all flip angles within the slice. For each image set, mean signal was found in a region of interest (ROI) in the central slice and in the center of the phantom. Noise was measured as the standard deviation in an ROI in the background and at a position out of alignment with the phantom in both the phase-encoding and read directions.
Sensitivities were also compared in images of anesthetized, live mice. All animals were maintained under protocols approved by the Institutional Animal Use and Care Committee at the New York University Medical Center. Swiss-Webster mice (Taconic, Germantown, NY) were anesthetized with sodium pentobarbitol (5 mg/100 g body weight, injected IP) prior to MR imaging. Imaging parameters were similar to those used to image the phantom. The matrix size was increased to 256 ϫ 256, however, and the slab (3D) and slice (2D) thicknesses were 8 mm and 500 m, respectively. The flip angles were the Ernst angles calculated for a T 1 of 1500 msec, the approximate value for mouse brain at 7 T (13): 36Њ (2D) and 9Њ (3D). SNRs were calculated for ROIs in brain tissue in a central slice relative to the standard deviation of ROIs in the background. Figure 1 shows plots of 2D and 3D sensitivities as a function of N S T A / T 1 . Figure 1a gives the plot with Ernst angle excitation. Provided the 2D T R is equal to or less than T 1 , the sensitivities of the two sequences are similar. Ernst angle excitation maximizes sensitivity but not necessarily contrast. Figure 1b and c shows the results calculated with flip angles equal to half and 1.5 times the Ernst angle. The relative sensitivity of 3D sequences is somewhat greater with the lower flip angle but, again, sensitivities are similar when T R is equal to or less than T 1 . The sensitivities are close over a much wider range when a flip greater than the Ernst angle is used.
RESULTS
The results of the experimental comparison are summarized in Table 1 . Phantom SNRs are very similar for the 2D and 3D images, confirming the theoretical predictions. The optimum flip angles for the 2D and 3D sequences were found to be 60Њ and 22Њ corresponding to Ernst angles for T 1 s of 460 and 270 msec, respectively. The discrepancy between these values could be due to a number of factors: slice profile effects; errors in the calibration factors for the RF pulses used in the two sequences; and the sensitivity of the T 1 calculation to noise. It is also possible that Eq. [2] is inaccurate because the transverse magnetization is not entirely dephased. Nonetheless, the flip angles were optimized empirically, not calculated from a measured value of T 1 . Thus the conclusion that 2D and 3D sequences, both optimized for SNR, give similar sensitivities remains valid. Figure 2 shows 2D and 3D images of mouse brain. Image quality is similar in both sets of images, although the 2D images appear a little sharper. SNR measurements of brain signal relative to background noise (Table 1) are, again, similar.
DISCUSSION
We have demonstrated that the sensitivity of 2D and 3D sequences can be very similar when the 2D slice acquisition is multiplexed [a fact anticipated by Brunner and Ernst (1)]. Even when sequence parameters are such that there are sensitivity differences, the large advantage for 3D over 2D sequential acquisitions predicted by Brunner and Ernst is not realized. Notwithstanding our results, however, the increased sensitivity is sometimes sufficient to give 3D acquisitions a distinct advantage over 2D. In addition, other factors may also help determine the choice of 2D or 3D acquisitions.
In T 1 -weighted sequences, direct excitation of narrow slices in 2D sequences will increase T A relative to that of 3D sequences. For example, on our animal scanner the maximum gradient strength is 250 mT m Ϫ1 . From Eq. [10] , the RF pulse length required to excite a 100 m slice is about 4 msec. This is also the pulse length required to excite a 1 mm slice on our clinical systems (Siemens Vision, Siemens Medical Systems, Iselin, NJ), which have maximum gradient strengths of 24 mT m Ϫ1 . By comparison, 3D excitation pulses on the clinical systems are about 500 sec. There can thus be a significant disadvantage to 2D sequences when very narrow slices are required and T A is less than, say, 10 msec. The penalty would be much less, however, with thicker slices. The scale of the disadvantage is also reduced because the outer slices of a 3D sequence are often unusable since they fall at the edges of the excited slab where signal intensity and contrast are sub-optimal.
In 2D, T 2 -weighted RARE sequences the minimum T R is often determined by slice coverage rather than contrast considerations. However, in our standard clinical head imaging protocols, minimum T R s for 20 slices are 3-4 sec-only slightly longer than might be chosen otherwise. Moreover, the imaging time for 3D sequences will be substantially longer.
Other than sensitivity, 3D sequences have several potential advantages over 2D sequences. First, it is possible to use interpolation methods to increase resolution in 3D sequences (14) but not 2D sequences. (Half-Fourier methods can also be used in the slice-select direction with 3D sequences, but this can only be achieved in one dimension and the in-plane phase-encoding direction would be the usual choice.) Second, cross-talk between slices could cause artifacts or a loss of SNR in 2D acquisitions with closely spaced slices. This was not the case in the current study even though the slices were nominally contiguous. However, the low flip angle pulses used in gradient-echo sequences give quite sharp slice profiles. The effects of cross-talk are likely to be more noticeable in spin-echo sequences.
On the other hand, 2D sequences also have advantages. It is possible to increase coverage without loss of spatial resolution in 2D sequences by separating the slices (though with the obvious disadvantage of inter-slice gaps). Second, the voxel profile generated with selective excitation is superior to that generated by phase encoding. The phaseencoding profile is a sinc function that drops off overall as 1/distance. Even a poor slice profile will drop to zero within a slice width. This may explain why the 2D mouse images appear sharper than the 3D images.
There are several circumstances in which 3D acquisitions are clearly preferable to 2D. With very high resolution gradient-echo sequences such as MP-RAGE sequences for brain imaging, the additional time required for the selective excitation and the large number of slices required does give 3D an important sensitivity and imaging time advantage. Similarly, the additional time for 2D selective excitation may be critical in gradient-echo sequences designed for breath-hold imaging. There are, however, situations in which the advantages of 3D acquisitions are less clear. Several authors (including one of the authors of this paper) have suggested the use of EPI hybrids for 3D imaging (8, 15, 16) . This study suggests that, although there may be advantages to these sequences, sensitivity is not among them.
Finally, if the dynamic range of the signal is less than that of the receiver, 2D sequences might actually give higher sensitivity than 3D sequences. Of necessity, the receiver electronics will add noise to the acquired MRI signal (17) . The most obvious source of this noise is the digitization noise added by an analog-to-digital converter with a limited number of bits. The impact of this noise is minimized by inserting low noise pre-amplifiers between the coil and the receiver. However, if the peak signal is large, only limited amplification can be applied before the signal is clipped by the receiver. If the signal is large and the pre-amplifier gain low, noise added by the receiver can significantly degrade image SNR (17) . The signal excited in 2D sequences is smaller than that excited in 3D sequences and can therefore be amplified more without clipping. There are thus occasions in which 2D sequences can give better SNR than 3D sequences. We have observed this effect, but its occurrence depends on slab thickness, sequence parameters, coil loading, and the coil used as well as the receiver design. It is thus difficult to predict when the use of 2D sequences might be advantageous. In this study we consider SNR rather than contrast-tonoise ratio (CNR), which is generally of more interest. In T 2 -weighted sequences the parameters that differ between 2D and 3D sequences (N AV and T R ) do not have a major effect on contrast. Thus, if SNRs are similar, CNRs will also be similar. The situation is much more complex with T 1 -weighted gradient-echo sequences, however, and it is difficult to derive a general expression for the flip angle that gives optimum CNR. Our simulations do suggest that the sensitivity advantages of 3D over 2D are similar over a range of flip angles around the Ernst angle. We therefore think it likely that sensitivities will also be similar with flip angles chosen to optimize CNR rather than SNR. Moreover, the differences in T R between 2D and 3D sequences will also influence contrast even when both sequences are optimized for CNR. Full consideration of these factors is beyond the scope of this paper, however.
CONCLUSIONS
We have demonstrated that the sensitivity of 2D multislice and 3D sequences is similar in a wide range of, if not most, practical cases. When there are sensitivity advantages to 3D sequences, they fall far short of those predicted by Brunner and Ernst (1) relative to 2D sequential acquisitions.
